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Abstract 
Within this analysis a combination of shearing and bending is designed and carried out. Out of sheared blanks specimens for an 
air bending test are conducted and subjected to a bending load under a systematic variation of process determining parameters. 
It is shown that especially the position of the fracture area caused by blanking in the bending area of tensile stresses leads to a 
significant increase of the edge crack sensitivity and thus has to be considered as an important interaction of the two processes. 
Also a strong influence of the material anisotropy on the occurring damage and failure is detected.  
 
© 2014 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
One of the main topics in the automotive industry is the design and application of modern lightweight 
construction concepts. Rising energy prices, stricter regulations of carbon dioxide emissions and high requirements 
on structural and crash performance drive the automotive manufacturers to produce more economical and 
ecological cars. Applying modern lightweight materials with reduced sheet thickness is an encouraging strategy. 
However, structural and crash performance must not be compromised. These requirements are met by high-strength 
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low-alloyed (HSLA) steels, which are characterised by superior strength and appropriate energy absorption 
capacity. Within the fabrication of safety relevant structural components with high-strength low-alloyed steels 
multi-stage process sequences with shearing and subsequent bending operations are used. Particularly, bending of 
sheared edges leads to critical load cases for the material and might initiate damage and failure. The influence of 
the sheared edge on a following forming process is currently mainly estimated by the standardised hole expansion 
test [1]. However, the load case and the strain evolution in this test differ clearly from forming processes like deep 
drawing, bending or stretch bending, because mainly tangential tension stresses are obtained at the sheared edge 
within hole expansion [2]. Furthermore, it was shown that the type of cutting process [3] and the punch-to-die 
clearance [4] have a significant influence on the achievable hole expansion ratio and consequently on edge crack 
sensitivity in general. Accordingly, referring to the mentioned aspects, alternative approaches have to be developed, 
which can effectively and efficiently represent the properties and influences of sheared edges on following bending 
dominated forming processes. In order to prevent cost intensive process and product adjustments in production a 
practical and effective evaluation of the material and damage behaviour is required. Within this work a 
methodology for the systematic analysis of the damage and failure behaviour of high-strength low-alloyed steels in 
the process combination shearing and bending is presented. 
2. Materials and methods 
2.1. High-strength low-alloyed steels 
The materials investigated within this study are two fine grained high-strength low-alloyed steels with a sheet 
thickness t0 = 1.8 mm. In order to determine the mechanical properties of the steel sheets tensile tests at room 
temperature according to SEP 1240 with specimen geometry after DIN EN 10002-1 appendix B shape 2 were 
carried out. The influence of the material orientation is taken into account by testing the specimen 0° and 90° to the 
rolling direction (RD). Typical true stress true strain curves representing similar hardening behaviour of both steels 
for strain levels H > 0.01 are shown in Fig. 1(a), as well as the mechanical properties ultimate tensile strength and 
total elongation in Fig. 1(b). Both materials show anisotropic behaviour in plane characterised by higher strength 
values and lower ductility in perpendicular direction. The higher strength levels and the lower ductility of 
HS900LA steel compared to HS850LA steel as well as the anisotropic character of both steels have to be 
considered within the experimental analysis. In general, compared to mild carbon steels high-strength low-alloyed 
steels are characterised by higher strength, toughness and better weldability due to microalloying elements. These 
contribute to fine carbide precipitation and grain-size refinement, as shown in microscopic pictures of the 
microstructure in Fig. 1(c). Beside these advantages, the mentioned anisotropic material properties and the reduced 
ductility restrict the forming potential of HSLA steels compared to mild steels. Consequently, this leads to 
complex damage and failure mechanisms within shearing and bending and has to be investigated thoroughly. 
 
Fig. 1. True stress true strain curves (a), ultimate tensile strength and total elongation (b) and microscopic pictures of microstructure 
(Nital etched) (c) for investigated high-strength low-alloyed steels.  
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2.2. Methods for the investigation of damage 
For the analysis of the edge crack sensitivity of sheared HSLA steel within bending, two laboratory tools were 
used [5]. The steel sheets are sheared with different cutting line geometries in a blanking test. Within one punch 
stroke a straight open cut with a line length of 50 mm and two holes with the diameters d1 = 8 mm and d2 = 10 mm 
are sheared into the specimen, compare Fig. 2. The punches have a different initial distance to the sheet surface in 
order to disregard influencing effects by cutting impact. The punch-to-die clearance for the straight open cut as 
well as for the holes was chosen to u = 0.1 mm, as approximately 6% of t0 is a standard value for steel shearing. 
The bending experiments are performed in a technological air bending test device. Discrete stages of bending 
angle D can be realised by means of punch stroke as well as geometry of tooling and specimen according to 
DIN EN ISO 7438. The maximum feasible bending angle D = 165° is determined by the specimen and tool 
geometry. The influence of various normalised bending radii c, defined by the ratio of the bending radius r i and the 
sheet thickness t0, can also be investigated by using different punch radii. Within this study the normalised bending 
radii c1 = 0.5 and c2 = 0.7 are investigated, while the width of the die is kept constant to w = 6.2 mm. The 
geometry of the bending specimen is 20 mm x 50 mm. 
In order to enable an analysis of the combined shearing and bending process and to represent the load, damage 
and failure cases within this combination the specimen of the already described laboratory tests are used in a 
modified shape. By using laser beam a bending specimen is cut out of the specimen, which was sheared in the 
blanking test before. The procedure and the geometry are shown in detail in Fig. 2. The modified bending 
specimen contains all important cutting line geometries. Thus a straight and a round open cutting line as well as a 
round closed cutting line can be tested. The bending line (BL) in the experiment is along the middle of the 
specimen. 
 
Fig. 2. Methodology for modified specimen geometry preparation of combined shearing and bending. 
3. Results 
3.1. Preliminary investigations and experimental procedure 
The bending performance of laser beam cut specimens of high-strength low-alloyed steels is investigated in the 
technological air bending test. This step is necessary to create a comparison condition for the following study on 
the edge crack sensitivity within bending. Two normalised bending radii c1 = 0.5 and c2 = 0.7 are considered. The 
influence of anisotropy is taken into account by testing the specimen parallel (II) and perpendicular (٣) to the 
bending line regarding the rolling direction. It can be observed that both high-strength low-alloyed steels represent 
good bendability with respect to occurring micro cracks at the outer bending line, as only for high bending angles 
D  160° and an orientation of the bending line parallel to rolling direction small micro cracks with a width 
b  50 μm can be detected. Regarding the laser beam cut edges of the bent specimen, no failure in terms of 
occurring cracks is observable. Thus, it can be concluded that the edge crack sensitivity of the investigated 
high-strength low-alloyed steels is very low regarding bending of laser beam cut edges. 
For the analysis of the bendability with respect to edge crack sensitivity caused by shearing operations, the 
high-strength low-alloyed steels were sheared in the blanking test as initial step. Within this analysis the 
punch-to-die clearance is kept constant to u = 0.1 mm for the straight and the round cutting lines. The influence of 
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the material direction is considered by changing the orientation of the rolling direction parallel and perpendicular 
to the cutting line (CL). Out of the sheared specimen the modified bending specimens were derived by laser beam 
cutting, compare Fig. 2. These specimens are bent with same process parameters as the bending specimen, which 
are not sheared. Additionally, the position of the burnish and consequently of the fracture zone with regard to the 
bending punch is varied. On the one hand the burnish zone is located in the tension stress dominated area 
within bending and on the other hand it is located in the compressive stress area. Summarised, the parameters 
normalised bending radius c, the orientation of the rolling direction to the cutting line / bending line, the position of 
the burnish / fracture zone and the material is varied and investigated in the next chapter. 
3.2. Bendability of sheared edges 
Within this study all specimens were analysed with respect to occurring damage and failure by metallographic 
methods basically using optical light microscopy (LM) and scanning electron microscopy (SEM). Irrespective of 
all other investigated parameters, the position of the burnish (BZ) / fracture (FZ) zone with regard to the bending 
punch has the most significant impact on edge cracking, as can be seen in the overview of bent specimen in Fig. 3. 
The distance of the prepared cross-sections to the sheared edge is in a range of approximately 100 μm to 1000 μm. 
 
Fig. 3. Photographs of sheared and bent specimen and LM-pictures of cross section taken close to sheared edge in dependency of position of 
burnish / fracture zone and of material orientation regarding cutting / bending line.  
 
When the fracture zone is located in the tension stress area during bending the damage of the specimen is more 
severe compared to the case that compressive loads are obtained in the fracture zone. Because shear induced 
pre-damage in the fracture zone is bigger and the roughness is higher than in the burnish zone, the initiation of 
cracks is favoured by a tension load within bending. When the fracture zone is located in the compressive stress 
area within bending, the pre-damage in the fracture zone has less influence on the forming behavior. The reason for 
this is that by the compressive stresses possible voids and micro cracks in the fracture zone might be closed again 
and thus higher stresses in spite of the damage in the fracture zone do not lead to macro cracks or fracture.  
According to investigations on the bendability of high strength steels [6] the occurring damage increases when 
the normalised bending radius c is reduced and the orientation of the bending line is chosen parallel to the rolling 
direction, that means when the open cutting line is oriented perpendicular to the rolling direction. This is in good 
accordance to the mechanical properties of the investigated steels, as for the orientation 90° to rolling direction the 
ductility is lower. Higher damage is also observed by trend when bending the closed cutting line compared to the 
straight open cut. Because of the closed cutting line the induced stresses at the cutting edge cannot be reduced as 
good as for the open straight cut. Thus, the deformation is no more homogeneous, since the stresses are more 
localised and lead to local failure at the bent closed cutting line. A comparison of both investigated HSLA steels 
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shows that HS900LA steel is more sensitive to edge cracking than HS800LA, as higher damage and failure is 
observable for nearly all investigated parameters. This can also be explained by the higher strength values und the 
lower total elongation for HS900LA. 
A more sophisticated analysis in SEM for c = 0.7 in Fig. 4 and Fig. 5 reveals that in all cases a combination of 
brittle and ductile fracture leads to final material separation. If the burnish zone is located in the tensile stress area 
small cracks at the lower area of the burnish zone can be detected, which have their origin in the terraced fracture 
zone. These ductile cracks, characterised by a fine honeycomb, propagate wedge-shaped out of the fracture zone 
into the burnish zone. This phenomenon in the transition zone from fracture to burnish can be observed for both 
materials and for CL II RD ٣ BL as well as for CL ٣ RD II BL. In the transition zone the area right below the 
burnish zone is brittle and has laminar structure. A closer look at the fracture zone in Fig. 4f shows that within the 
fracture zone a transition of ductile and brittle structures takes place. The breaking edges of the brittle structure are 
oriented along the areas of different ductility. These brittle structures are intermingled by ductile regions. Thus it is 
concluded that the initiation of the cracks processes along the transition areas. 
 
Fig. 4. SEM-pictures of sheared and bent edge in dependency of position of burnish / fracture zone and of material orientation regarding 
cutting / bending line for HS850LA. 
 
Critical failure in form of material separation and fracture takes place when the fracture zone is located in the 
tensile stress area within bending. As discussed before higher pre-damage under tensile stress loading is the reason. 
Again a strong influence of anisotropy can be seen as cracks are smaller, when CL ٣ RD II BL. Also a mixture of 
ductile and brittle structure is observable, where sharp edges can be detected at the end of the brittle structures, 
compare Fig. 4d. Considering the surfaces inside the crack a step like or layer type formation of mainly brittle 
structures can be identified. On the top edges of the steps ductile honeycomb areas are observable, exemplarily 
shown in Fig. 4i and Fig. 5k. The vertical planes within fracture, however, are characterised by extensive areas 
indicating brittle material behaviour. Summarised, it can be concluded that the edge crack sensitivity is 
significantly lower when choosing the orientation of the cutting line parallel and thus, the bending line 
perpendicular to the rolling direction of the sheet. Furthermore, it is advised to design the bending process with a 
position of the burnish zone in the tensile stress area in order to reduce the crack potential. Also optimising the 
shearing process with respect to a greater burnish zone might help to reduce the edge crack sensitivity. 
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Fig. 5. SEM-pictures of sheared and bent edge in dependency of position of burnish / fracture zone and of material orientation regarding 
cutting / bending line for HS900LA. 
4. Conclusions 
Within this study the bendability of two HSLA steels with respect to edge crack sensitivity caused by shearing 
processes is investigated. The edge crack sensitivity resulting in fracture is significantly increased, when the 
position of the fracture zone out of the shearing process is located in the tensile stress area within bending. Also a 
strong influence of the anisotropy on the crack sensitivity is detected, as the magnitude of the occurring cracks is 
smaller, when straight open cut is oriented parallel and consequently the bending line is oriented perpendicular to 
the rolling direction. More severe failure is observed for HS900LA steel corresponding to its lower ductility. In 
continuing studies the influence of material microstructure on the edge crack sensitivity is investigated. 
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